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correlates with the predicted membrane-
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Abstract
Background: Non-toxigenic Corynebacterium diphtheriae strains are emerging as a major cause of severe
pharyngitis and tonsillitis as well as invasive diseases such as endocarditis, septic arthritis, splenic abscesses and
osteomyelitis. C. diphtheriae strains have been reported to vary in their ability to adhere and invade different cell
lines. To identify the genetic basis of variation in the degrees of pathogenicity, we sequenced the genomes of four
strains of C. diphtheriae (ISS 3319, ISS 4060, ISS 4746 and ISS 4749) that are well characterised in terms of their ability
to adhere and invade mammalian cells.
Results: Comparative analyses of 20 C. diphtheriae genome sequences, including 16 publicly available genomes,
revealed a pan-genome comprising 3,989 protein coding sequences that include 1,625 core genes and 2,364
accessory genes. Most of the genomic variation between these strains relates to uncharacterised genes encoding
hypothetical proteins or transposases. Further analyses of protein sequences using an array of bioinformatic tools
predicted most of the accessory proteome to be located in the cytoplasm. The membrane-associated and secreted
proteins are generally involved in adhesion and virulence characteristics. The genes encoding membrane-associated
proteins, especially the number and organisation of the pilus gene clusters (spa) including the number of genes
encoding surface proteins with LPXTG motifs differed between different strains. Other variations were among the
genes encoding extracellular proteins, especially substrate binding proteins of different functional classes of ABC
transport systems and ‘non-classical’ secreted proteins.
Conclusions: The structure and organisation of the spa gene clusters correlates with differences in the ability of C.
diphtheriae strains to adhere and invade the host cells. Furthermore, differences in the number of genes encoding
membrane-associated proteins, e.g., additional proteins with LPXTG motifs could also result in variation in the
adhesive properties between different strains. The variation in the secreted proteome may be associated with the
degree of pathogenesis. While the role of the ‘non-classical’ secretome in virulence remains unclear, differences in
the substrate binding proteins of various ABC transport systems and cytoplasmic proteins potentially suggest strain
variation in nutritional requirements or a differential ability to utilize various carbon sources.
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Background
Diphtheria is a toxin mediated infection of upper-
respiratory tract which is caused by Corynebacterium
diphtheriae. The global immunisation programme using
diphtheria-toxoid has significantly reduced the burden
of disease [1]. The major virulence factor, diphtheria
toxin, is encoded by the tox gene on the lysogenic β-
corynephage [2, 3]. The diphtheria vaccine is only
effective against toxigenic strains and the number of
infections caused by non-toxigenic C. diphtheriae re-
ported worldwide is increasing [4–7]. An infection by
a non-toxigenic C. diphtheriae strain may vary from a
localized respiratory tract infection to more invasive
endocarditis, septic arthritis and osteomyelitis [8–12].
The severity of the disease is dependent on the ability
of C. diphtheriae strains to adhere to host cells, intra-
cellular viability and the induction of cytokine pro-
duction by the host immune system [13–16].
Non-toxigenic C. diphtheriae strains have been
shown to significantly vary in their macromolecular
surface structure and cell adhesion properties, al-
though, no clear correlation between pili formation,
adhesion and invasion could be established [17]. The
differences in the structure of pili correlated with the
strain specific variations in the expression of pili sub-
units [17]. Comparative genomic analyses revealed
that the pilus gene clusters are borne on horizontally
acquired pathogenicity islands and the number of
these clusters and the genes encoding the subunits of
adhesive pili within each cluster varied among C.
diphtheriae strains [18].
Bacterial cell surface and extracellular proteins play
important roles as the interface between host and
pathogen and represent key virulence characteristics
[19–21] but little is known about the roles of these
proteins in pathogenesis by C. diphtheriae, beyond
the extensively studied secreted toxin [22, 23]. Our
previous analyses of 17 C. diphtheriae genomes re-
vealed differences in the gene content between differ-
ent strains [24, 25]. However, a large proportion of
genes in these genomes encode hypothetical or unchar-
acterised proteins, which is a major hindrance in infer-
ring the protein function and potential involvement in
virulence. In this study, we have sequenced the genomes
of an additional four non-toxigenic C. diphtheriae
strains with varying degrees of virulence potential that
has been previously assayed experimentally and com-
pared the sequences to identify the gene content that
maybe associated with the variation in disease severity.
We have also analysed and categorised the genome-
wide predicted proteome of all publicly available C.
diphtheriae genomes to identify genes encoding
membrane-associated and secreted proteins that may
play a role in host-pathogen interaction.
Results
Genomes of invasive non-toxigenic C. diphtheriae
The non-toxigenic C. diphtheriae strains ISS 3319, ISS
4060, ISS 4746 and ISS 4749 were isolated from patients
with severe pharyngitis and tonsillitis in Italy [4, 15]. In
an infection model, ISS 4746 and ISS 4749 caused rela-
tively severe arthritis in a higher proportion of mice and
induced higher levels of interleukin (IL)-6 and IL-1β in
comparison to ISS 3319 [15]. The genomes of strains
ISS 3319, ISS 4060, ISS 4746 and ISS 4749 were se-
quenced on a GS Junior instrument (Roche) and were
assembled into 33 contigs, 47 contigs, 60 contigs and 40
contigs, respectively. The sizes of the whole genome as-
semblies and the number of genes were comparable
among the four C. diphtheriae strains as summarised in
Table 1. The genome sequences of these strains are
available from the GenBank with the accession numbers
JAQO00000000, JAQN00000000, JAQP00000000 and
JAQQ00000000, respectively.
Variation in the gene content among invasive
non-toxigenic C. diphtheriae
Whole genome sequences of these strains were com-
pared using EDGAR [26], excluding the genes with par-
tial sequences due to gaps in the assembly. Most of the
genes (1,882 genes) were shared among the four strains
but a small proportion of genes were not present in all
the four strains (Fig. 1). Specific gene content comprised
103 and 121 genes in ISS 3319 and ISS 4060, respectively
which is relatively high compared to the number of genes
restricted to ISS 4746 (30 genes) and ISS 4749 (15 genes).
More than 97.8 % of the genes (2,135 genes) in ISS 4746
(2,184 genes) and ISS 4749 (2,165 genes) were shared with
each other. Indeed, these two strains belong to the same
sequence type (ST), ST32, which is distinct from ISS 3319
(ST26) and ISS 4060 (ST5).
Table 1 Details of the genome assemblies of C. diphtheriae
strains ISS 3319, ISS 4060, ISS 4746 and ISS 4749
Details ISS 3319 ISS 4060 ISS 4746 ISS 4749
Number of reads 218,328 188,708 164,106 186,176
Average read length (bp) 479 463 454 467
Size of assembly (bp) 2,366,093 2,395,664 2,379,713 2,366,484
Number of contigs 33 47 53 40
Average coverage 70x 58x 55x 66x
N50 (bp) 139,564 102,641 119,602 145,623
Average GC content (mol%) 53.53 53.61 53.46 53.45
Number of features 2,272 2,284 2,275 2,258
- CDS 2,168 2,198 2,185 2,168
- rRNA 3 4 4 2
- tRNA 49 46 52 49
- ncRNA 1 1 1 1
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Most of the strain specific accessory genes (not
present in all four strains) encode hypothetical proteins
(Table 2, Additional file 1: Table S1). Since ISS 4746 and
ISS 4749 belong to the same ST, 149 genes shared by
them but not with ISS 3319 and ISS 4060 were also con-
sidered to be strain-specific. A fraction of the strain spe-
cific genes encode fimbrial sub-units or membrane
associated proteins including the genes belonging to the
pilus gene clusters (Table 2; Fig. 2). These gene clusters
encode adhesive pili that are important for adhesion and
invasion of the host cells [27–29]. All the four strains
were found to carry the SpaD and SpaH pilus gene clus-
ters; however, an additional gene cluster, SpaA, was
present in strains ISS 4746 and ISS 4749 (Fig. 2). The
number and organisation of genes in the SpaD cluster
was found to vary. An additional gene encoding a puta-
tive surface-anchored fimbrial subunit was present in
strains ISS 3319 and ISS 4060. A gene encoding a hypo-
thetical protein was present between the srtB and spaD
genes in strains ISS 3319, ISS 4746 and ISS 4749, and
between spaD and srtC in ISS 4060 (Fig. 2). In addition,
srtB in ISS 4060 and spaF in ISS 4746 and ISS 4749 were
Fig. 1 A Venn diagram showing the numbers of shared and specific genes among C. diphtheriae strains ISS 3319, ISS 4060, ISS 4746 and ISS 4749
Table 2 Strain-specific gene content based on the comparison of the draft genomes of C. diphtheriae strains ISS 3319, ISS 4060, ISS 4746
and ISS 4749
Protein annotation ISS 3319 ISS 4060 ISS 4746 ISS 4749 ISS 4746 – ISS 4749a
Hypothetical 69 73 22 10 86
Fimbrial & membrane 4 4 - 2 12
Transposase 6 13 3 1 14
Othersb 24 31 5 2 37
aStrains ISS 4746 and ISS 4749 belong to the same ST, ST32. Hence, the genes shared by them but not with ISS 3319 and ISS 4060 were treated as strain-specific
and these are detailed in the column “ISS 4746 – ISS 4749”
bCDS encoding transcription regulators, components of restriction-modification systems or other cellular and metabolic activities were grouped within the
‘Others’ category
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found to be pseudogenes. Similarly, the spaG gene in the
SpaH cluster of ISS 3319 and the spaB gene in the SpaA
cluster of ISS 4746 were found to be inactive. This
variation in the number of pilus genes in each cluster is in
agreement with previously observed variations in the
macromolecular surface structures and the expression of
spa genes among these strains [17]. These results are also
consistent with Trost et al. who reported variation in the
Spa clusters in C. diphtheriae [18].
Other strain specific genes are summarised in Additional
file 1: Table S1 and include transposases and gene involved
in metabolism, transcription, DNA replication, transport
function and defence mechanisms. These genes do not ap-
pear to have a clear role in pathogenesis. However, a num-
ber of strain specific proteins are hypothetical proteins with
uncharacterised functions and may yet be shown to con-
tribute to pathogenicity in C. diphtheriae strains.
Core and accessory proteome of C. diphtheriae
A proper identification of gene function is the key to un-
derstanding the cellular and virulence mechanisms which
is dependent on the accuracy of genome annotation. A
major hindrance in functional inference from genome
analysis is the large proportion of annotated hypothetical
proteins, uncharacterised proteins or proteins of unknown
function [30]. The majority of variation between invasive
C. diphtheriae strains in this analysis is hypothetical pro-
teins, similar to our previous study [25]. Therefore, we
analysed the entire genome content within C. diphtheriae
including 16 previously published genomes (Additional
Fig. 2 Structure and organisation of pilus gene clusters in C. diphtheriae strains ISS 3319, ISS 4060, ISS 4746 and ISS 4749. The common genes
between different strains are shown in the same colour and the pseudogenes are shown using broken arrows. The direction of the arrow
indicates the orientation of the coding sequence. The schematic is not to scale
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file 2: Table S2) [18, 24, 25, 31–33] using a range of pro-
grams to identify cellular, membrane-associated and
secreted proteins to gain a greater understanding of these
hypothetical proteins and to investigate correlations be-
tween strains exhibiting various degrees of pathogenicity.
The pan-genome of 20 C. diphtheriae strains was cal-
culated using EDGAR [26] and was found to be com-
prised of 3,989 genes including 1,625 core genes and
2,364 accessory genes (Additional file 3: Table S3). The
total predicted core and accessory proteome of C.
diphtheriae was further analysed to determine potential
functional localisation. The majority of the core proteins
(1,037/1,625 proteins) were predicted to be cytoplasmic
(Fig. 3a; Additional file 3: Table S3). 390 core proteins
(24 %) were predicted to be transmembrane proteins, in-
cluding 21 with a signal peptide. A single transmem-
brane domain was detected in 72 proteins and 310
protein sequences had two or more transmembrane
domains. The remaining eight of these proteins were
either predicted to have one transmembrane domain
by Phobius [34] but two by TMHMM 2.0 [35] or vice
versa (Additional file 3: Table S3). Transmembrane
proteins with a single domain might be peripheral or
associated with cell envelope while those with multiple
domains are predicted integral membrane proteins.
One hundred twenty-seven proteins were predicted to
be secreted proteins, including 37 (29.1 %) lipoproteins
and 49 (42.2 %) non-classical secreted proteins (Additional
file 3: Table S3). Non-classical secreted proteins do not
have signal peptides but are known to be extracellular and
secreted via Sec-independent pathways [36]. Two pro-
teins were identified as substrates for type VII secre-
tion systems and five core proteins were predicted to
be secreted through the Twin-Arginine Translocation
(Tat) secretion pathway (Fig. 3a; Additional file 3:
Table S3). The remaining 71 proteins were considered
ambiguous in that they could not be assigned to any spe-
cific location due to a lack of consensus between different
prediction programs (as described in Methods).
Similar to the core proteome, 61.3 % of the accessory
genome was predicted to encode cytoplasmic proteins
(Fig. 3b; Additional file 3: Table S3). Additional variation
between C. diphtheriae genomes was among the trans-
membrane (16.2 %; including 26 proteins with a LPXTG
domain) and secreted proteins (18.1 %). Approximately
82.9 % of the secreted proteins were predicted to be
non-classical secreted proteins. Membrane-associated
and secreted proteins play crucial roles in pathogenesis
[37–39] and the variation in these proteins between dif-
ferent strains might therefore be associated with vary-
ing virulence. The accessory proteome also included
102 proteins that were scored as ambiguous regarding
their localisation, as described above (Additional file 3:
Table S3).
Proteins with predicted transmembrane domains
Transmembrane domains were identified in 772 pro-
teins that were predicted to be involved in a variety of
functions including inorganic ion transport and metab-
olism (8.2 %) and defence mechanisms (2.5 %; Fig. 3c;
Additional file 3: Table S3). Sixty-seven of these proteins
were assigned to multiple COG categories while no cat-
egory was predicted for 437 proteins (Additional file 3:
Table S3). Around half of these proteins (390 of 772)
belonged to the core genome while 382 were not con-
served across all 20 strains.
Twenty-seven protein sequences had a single trans-
membrane domain and also contain LPXTG motifs
(Additional file 3: Table S3). Twenty-six of these proteins
belonged to the accessory proteome, including 20 that
are part of different spa gene clusters. Only one gene
with an LPXTG motif, DIP0443, was conserved. LPXTG
proteins contain a cell wall anchor domain and often
play important roles in surface adhesion [40, 41]. The
difference in the number of these proteins might be re-
sponsible for the variation in the adhesive properties be-
tween different C. diphtheriae strains. Additional 140
proteins were detected with a single transmembrane do-
main that might potentially be the peripheral membrane
proteins or have domains projecting through the cell en-
velope, as in the case of the HtaA, HtaB, ChtA and ChtC
proteins involved in scavenging of iron from host
haemoglobin-haptoglobin [42].
Five hundred fourteen proteins were detected with
two or more transmembrane domains and are predicted
integral membrane proteins including two YidC proteins
(Additional file 3: Table S3). One of the YidC proteins
(DIP2379) is conserved in all 20 strains whereas DIP2273
is missing in one strain, NCTC 3529 (Additional file 3:
Table S3). YidC proteins are involved in insertion of inte-
gral membrane proteins into the membrane [43]. The
virulence factor DIP0733 (67-72p hemagglutinin) is an ex-
ample of a core membrane protein, with 7 predicted
transmembrane domains and a large C-terminal domain
that appears to project through the cell envelope allowing
interaction with host cell components promoting adher-
ence and invasion [44–46]. Likewise, the previously char-
acterised sialidase NanH [47] is a putative C-terminally
membrane anchored protein. Although part of the core
proteome, this gene is noted to show considerable allelic
variation across the C. diphtheriae strains (for example,
the originally described NanH sequence is only 76 %
amino acid identical to DIP0543).
Fifty-three proteins with transmembrane domains
were also predicted to have signal peptides (Additional
file 3: Table S3). Some of these proteins were annotated
to be ABC transporters, membrane anchored proteins,
putative secreted proteins and 29 were hypothetical
proteins. 21 of the 53 proteins were assigned to various
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COG categories involved in different cellular activities
while no category was assigned to the remaining 32
proteins (Fig. 3c).
The predicted secreted proteome of C. diphtheriae
Of the entire proteome, 559 proteins (14 %) are predicted
to be secreted via Sec-dependent, Tat or type VII secretion
pathways (Additional file 3: Table S3). Of these, 61 se-
creted proteins are predicted to be lipoproteins and 37
of these are conserved in all C. diphtheriae strains
(Additional file 3: Table S3). Predicted lipoproteins con-
stitute 2.3 % (37/1625) of the core proteome. As in
other Actinobacteria [48–50], the major functional class
identified are substrate binding proteins of ABC trans-
port systems. In contrast to soil dwelling bacteria, where
substrate binding proteins for sugars predominate, the
predominant functional classes of substrate binding
proteins in C. diphtheriae belong to families for amino
acid/peptide uptake (e.g., PF00496) and for Fe3+/sidero-
phore uptake (e.g., PF01497), presumably reflecting dif-
ferent nutrient availability in environmental versus
host niches. The Fe3+/siderophore substrate binding
proteins include the previously identified HmuT and
CiuA lipoproteins [42, 51, 52]. Other functional categor-
ies included several predicted lipoproteins with predicted
functions related to cell wall homeostasis (e.g., penicillin-
binding protein DIP1497) or roles in redox processes, in-
cluding the thioredoxin-like protein DIP0411 [53] which
belongs to a locus (DIP0411-0414) involved in maturation
of heme-containing cytochromes. The cytochrome C
oxidase component CtaC (DIP1629) is also a putative
lipoprotein, with two additional transmembrane domains
(Additional file 3: Table S3), as in Corynebacterium
Fig. 3 The distribution of predicted protein functions (a) in the core
genome, (b) in the accessory genome of C. diphtheriae. The
distribution of the functional protein categories based on the
similarities in the Clusters of Orthologous Genes (COG) database
within predicted (c). Transmembrane proteins (outer circle), (d)
secreted proteins (outer circle) and (e) cytoplasmic proteins. The
proportion of different types of membrane-associated and secreted
proteins is shown in the inner circles within panel c and d, respectively.
(COG codes - A: RNA processing and modification; B: Chromatin
structure and dynamics; C: Energy production and conversion; D: Cell
cycle control, cell division, chromosome partitioning; E: Amino acid
transport and metabolism; F: Nucleotide transport and metabolism; G:
Carbohydrate transport and metabolism; H: Coenzyme transport and
metabolism; I: Lipid transport and metabolism; J: Translation, ribosomal
structure and biogenesis; K: Transcription; L: Replication, recombination
and repair; M: Cell wall/membrane/envelope biogenesis; N: Cell
motility; O: Post-translational modification, protein turnover, and
chaperones; P: Inorganic ion transport and metabolism; Q: Secondary
metabolites biosynthesis, transport, and catabolism; T: Signal transduction
mechanisms; U: Intracellular trafficking, secretion, and vesicular transport;
V: Defence mechanisms; W: Extracellular structures; Y: Nuclear structure; Z:
Cytoskeleton; Not assigned: General function prediction and unknown
function)
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glutamicum [54]. As in other Actinobacteria, the core
lipoproteome includes the LpqN lipoprotein that likely
represents an additional component of the MtrAB two-
component sensing system [55]. Finally, 13 out of 37
(29 %) predicted lipoproteins in the core lipoproteome are
hypothetical proteins of unknown function.
Eighty-three predicted secreted proteins were identi-
fied with a SpI type signal peptide (Fig. 3d; Additional
file 3: Table S3). The BLAST searches of these protein
sequences in the COG database returned no hits for 52
of these proteins (62.7 %) and 7 (8.4 %) were assigned to
have general or no predicted functions. The remaining
secreted proteins were assigned to different COG cat-
egories involved in a variety of cellular activities. Most
notable of these is the phage-encoded diphtheria toxin
(DIP0222), which is part of the accessory proteome (be-
ing absent from non-toxigenic strains) and plays a cen-
tral role in the pathogenesis of diphtheria [22, 23]. Of 34
secreted proteins identified in the core proteome, two
major functional categories were observed: degradative
enzymes (mainly proteolytic e.g., DIP0836 and DIP1509,
PF01551 peptidase M23 family members) and 14 pro-
teins likely to be active in cell envelope homeostasis.
These latter include DIP2191, a putative lipase likely
involved in regulating cell envelope lipid composition
[56, 57]. DIP2191 is located in the putative cell wall
core biosynthetic locus, which also includes the
secreted proteins DIP2193 and DIP2194 which are pre-
dicted to be mycolyltransferases involved in cell enve-
lope assembly [58]. Notably, the 14 core proteins with
signal peptides that are predicted to be involved in cell
envelope homeostasis may not be fully secreted as
translocation across the plasma membrane most likely
results in a location in the ‘pseudoperiplasm’ created
by the mycolate outer membrane [58]. These proteins
also include two other proteins previously linked to C.
diphtheriae virulence, DIP1281 and DIP1621 [59, 60],
which are putative peptidoglycan endopeptidases
(NlpC/P60 domain) proteins. Intriguingly, when com-
pared to mycobacterial RipA and RipB [61], the cata-
lytic site cysteine and histidine residues are conserved
in both DIP1281 and DIP1621, whereas the catalytic
site glutamate is only conserved in DIP1281. In
DIP1621, the corresponding residue is a histidine (data
not shown), as is typical in prototypical NlpC/P60 do-
main proteins, although it is notable that at Glu to His
mutation inactivated mycobacterial RipA [61]. This se-
quence change (which may reflect an altered substrate
specificity) and the presence of different additional do-
mains in DIP1281 and DIP1621 point towards distinctive
roles in cell wall remodelling in C. diphtheriae.
Tat signal peptides were identified in six proteins in-
cluding four with a lipobox (Additional file 3: Table S3).
Two of these, DIP0067 and DIP1389, are likely involved
in redox processes. DIP0067 is a putative multi-copper
oxidase homologous to the M. tuberculosis Rv0846c Tat
lipoprotein linked to copper resistance [62] and its function
likely involves the copper binding lipoprotein DIP0066.
DIP1389 is a putative Dyp-family peroxidase and its func-
tion likely relies on interaction with the DIP1390 lipopro-
tein, which is a putative copper-binding protein. Both of
the non-lipoprotein Tat substrates contain domains of un-
known function, of which DIP0793 contains a PF08924
(BacA-like) putative peptidoglycan hydrolase domain.
In addition to the Sec and Tat translocase, a single
type VII secretion system was identified in the C.
diphtheriae core proteome, consistent with previous
analyses [63]. The core components of the system (EccB,
EccC, EccD and a mycP protease) were present in a
locus (DIP0552-DIP0559) which also contains a type
VII- secretion associated protein (Rv3446c family mem-
ber) and two type VII secretion substrates (WXG100
family protein, DIP0558 and DIP0559). These latter were
the only WXG100 family (PF06013) members detected in
the C. diphtheriae genomes, suggesting these are the prin-
cipal substrates for this specialised secretion system, which
is known to influence virulence in related bacteria [63].
A large proportion of the putative secreted proteins (407/
549 proteins) was predicted to be non-classical secreted
proteins without any signal peptide, although only 49 of
them are conserved in all 20 C. diphtheriae genomes
(Additional file 3: Table S3). Twenty-eight of these pro-
teins are assigned to the COG category involved in DNA
replication and metabolism and 14 to the one involved in
translation, ribosomal structure and biogenesis (Fig. 3d).
A small fraction (1–7 proteins) are assigned to diverse
COG categories including defence mechanisms but the ma-
jority (79.6 %) of these proteins could not be assigned to
any functional category including those with general func-
tion prediction or no known functions (Fig. 3e; Additional
file 3: Table S3). A small protein (82–108 aa in size) anno-
tated as preprotein translocase subunit in seven strains
(C7β, HC04, PW8, ISS4060, NCTC5011, NCTC3529 and
Aberdeen) was predicted to be a non-classical secreted
protein (Additional file 3: Table S3). A search in the Uni-
Prot database revealed this protein to be YidC. Some of
non-classical secreted proteins have been annotated to fa-
cilitate cellular activities including those associated with
mobile genetic elements (transposases or phage associated;
Additional file 3: Table S3) that may be moon-lighting [36].
However, these predictions are based on the search in a
protein database which include proteins known to be se-
creted via Sec-independent pathways in other bacteria [36]
and may not necessarily be relevant to C. diphtheriae.
Cytoplasmic proteins
None of the prediction programs assigned any location
(secreted or membrane) to 2,485 proteins and these
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were considered to be cytoplasmic proteins. As would be
expected, these were predicted to be involved in a diverse
range of cellular functions with 44 % of them classified as
hypothetical proteins (Additional file 3: Table S3). Of
these, 227 (9 %) proteins were involved in DNA replica-
tion, recombination and repair, 120 (5 %) in translation,
ribosomal structure or biogenesis, 96 (4 %) in transcrip-
tion, 92 (4 %) in amino acid transport and metabolism, 84
(3 %) in coenzyme transport and metabolism and 65
(~3 %) in defence mechanisms (Fig. 3e; Additional file 3:
Table S3). Only 3–55 (≤2 %) were involved in other cellu-
lar functions including energy production and conversion,
cell cycle control, cell division or chromosome partition-
ing, post-translational modification, protein turnover and
chaperones, cell wall or membrane biogenesis, signal
transduction, intracellular trafficking, and metabolism and
transport of secondary metabolites, nucleotides, carbohy-
drates, lipids and inorganic ions. An additional 256 (10 %)
cytoplasmic proteins were potentially involved in multiple
functions and were assigned to more than one functional
category (Fig. 3e; Additional file 3: Table S3). However,
these functions are assigned based on similarities of pro-
teins in the COG database and may not be precise. The
BLAST search did not reveal any functional categories for
rest of the proteins including those with general or un-
known functions (COG categories R and S).
Phylogenetic relatedness among C. diphtheriae strains
A phylogenetic tree derived from the conserved core
genome revealed that ISS 4746 and ISS 4749 are closely
related to the strain ‘Aberdeen’ that also belongs to
ST32 (Fig. 4a). ISS 3319 was closely related to strain
C7(β)tox+ (ST26) whilst strains HC01 and 241 also have
an almost identical core genome (ST175; Fig. 4a). The
other strains, including ISS 4060, were phylogenetically
distinct from each other, that is in agreement with our
previous studies [24, 25]. Similar groupings were ob-
tained when a phylogenetic tree was generated from the
amino acid sequences using PhyloPhlAn (Additional file 4:
Figure S1) [64]. PhyloPhlAn generates highly robust
phylogenetic trees from a concatenated alignment of a
computationally selected subset of amino-acid sequences
from 400 most conserved universal proteins following a
maximum likelihood maximization approach using
RAxML [64, 65].
A maximum likelihood tree from the binary data based
on the presence or absence of the genes in the accessory
genome revealed that most of the C. diphtheriae strains
were distantly related to each other (Fig. 4b) which is
consistent with the phylogenetic relatedness from the
core genome and universal protein sequences (Fig. 4a).
The closely related strains ISS 4746, ISS 4749 and
‘Aberdeen’, and HC01 and 241 were marginally seper-
ated from each other, indicating minor variations in
the gene content of the strains within each ST or
clonal group (Fig. 4b). However, C7(β)tox+ and ISS
3319 were observed to be relatively distant to each
other, suggesting that the accessory genome can be
quite different between individual strains within a ST.
Most of the variaton in the accessory genome of C.
diphtheriae is contributed by the genomic islands that
are horizontally acquired [18].
Discussion
C. diphtheriae pan-genome and cellular locations of the
encoded proteins
The pan-genome of C. diphtheriae was calculated to
have 3,989 genes including 1,625 core genes and 2,364
accessory genes (Additional file 3: Table S3). The size of
the pan-genome has reduced in comparison to previous
studies calculating 4,789 genes for 13 C. diphtheriae
strains [18] and 4,918 genes for 17 genomes [25]. EDGAR
uses a cut-off score ratio value (SRV) to identify ortholo-
gous genes that is estimated by a sliding window approach
as previously described [18, 26]. We have used an
amended approach to estimate the cut-off SRV to include
fitting of a β-distribution to the lower 50 % of observed
scores to model the SRV peak with random hits. 97 per-
centile of this peak was calculated and used as the cut-off.
This new approach reduces the chances of overestimation
of the pan-genome and has been tested on a variety of
datasets (J. Blom, unpublished data). Those genes with
partial sequences due to the draft status of seven genomes
were excluded from the calculation, which may have also
partly reduced the number of genes in the pan-genome.
One thousand nine hundred fifty-eight genes (49 %) of
the pan-genome were predicted to encode hypothetical
proteins of which 569 genes (29.1 %) belong to the core
genome and 1,389 genes (70.9 %) to the accessory gen-
ome (Additional file 3: Table S3). These results are con-
sistent with our previous observation that the majority
of variation in the gene content between C. diphtheriae
strains is in the genes encoding hypothetical proteins
[25]. Uncharacterised or hypothetical proteins impose
major barriers in understanding the biology of an organ-
ism. Our analyses using advanced bioinformatics tools
predicted 62 % of the whole proteome to be cytoplasmic,
14 % to be secretory and 19 % as transmembrane pro-
teins (Additional file 3: Table S3; Fig. 3a–b). These re-
sults are in agreement with a previous study showing
15–30 % of the proteins in prokaryotic cells contain
transmembrane helices while 15–25 % are secreted [66].
More than 61 % of the accessory genome (1,448/
2,364 genes) encodes cytoplasmic proteins indicating a
potential variation in the lifestyle of different strains.
This finding is consistent with our previous observa-
tion showing the absence of several genes involved in
carbohydrate metabolism in strain NCTC 5011 of
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lipophilic biovar intermedius that needs lipids for opti-
mal growth [25].
Bacterial secreted proteins are translocated via a num-
ber of mechanisms including Sec, Tat or type VII secre-
tion pathways [67, 68]. In addition, some non-classical
secreted proteins that lack a signal peptide have also
been found to be present in extracellular environment
that may be secreted via non-classical pathways or
‘piggy-back’ out on proteins with classical signal peptides
[36, 69–73]. Secreted and transmembrane proteins ex-
hibit great differences between C. diphtheriae strains
and are also important in determining host-pathogen in-
teractions and pathogenesis [17, 20, 27, 28, 59, 68, 74].
These data are consistent with this hypothesis; however,
Fig. 4 a A neighbour-joining phylogenetic tree from the variation in the core genome (1625 CDS) of 20 C. diphtheriae strains. The scale bar represents the
number of substitutions per site. ST designations of the strains are mapped on the tree in the parentheses. b A maximum-likelihood tree from the binary
data of the presence or absence of genes in the accessory genome. The scale bar with a distance of 0.05 represents the difference of 118.2 genes
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the BLAST searches in the COG database could not as-
sign any functional category to 40-80 % of these proteins
and scored some of them as general function prediction
proteins or proteins with unknown functions (COG
codes R and S, respectively).
The phylogenetic analysis based on the presence or ab-
sence of the genes in the accessory genome distinctly
separated most of the strains indicating the presence of
strain-specific genes (Fig. 4b). Indeed, 11 of 82 genes
were strain-specific and were not shared between C.
diphtheriae strains (Additional file 3: Table S3). Trost
et al. reported the existence of 57 genomic islands in C.
diphtheriae, with varying distributions, some being strain
specific to eight that were shared by all the strains [18].
These islands contribute to the variation in the gene
composition among C. diphtheriae strains, which is con-
sistent with our findings.
Reliability of the predicted proteome
The genome wide categorisation of proteins as trans-
membrane, secreted and cellular proteins is based on in
silico analyses using an array of different prediction pro-
grams and the reliability of these assignments is an im-
portant question. The predicted protein assignments in
this study are quite reliable; first, all the programs have
been largely used by the community and tested on a
variety of datasets and secondly, we followed a strin-
gent prediction strategy by using at least two different
programs to predict proteins with transmembrane do-
mains [34, 35] and signal peptides [34, 75], including
lipoproteins [76, 77] and those secreted by the Tat
pathway [78, 79]. The categories were assigned based
on a consensus between these programs and the pro-
teins were treated as ambiguous in case of a lack of
agreement between different predictors. Some of the
ambiguities were resolved by the manual analysis of
the protein sequences. However, only one program was
available to identify non-classical secreted proteins but
these predictions are based on the homology with the
proteins experimentally shown to be secreted by differ-
ent groups [36].
A proteomic analysis of C. diphtheriae strain C7s(−)
tox-
identified 50 secreted, 11 membrane-associated and 24
proteins detected both extracellularly and in the mem-
brane fraction [80]. Many of these proteins are encoded
by the pathogenicity islands and may be involved in
host-pathogen interaction and virulence. Only 14 of the
50 extracellular proteins were assigned to be secreted,
21 were cytoplasmic, 11 with transmembrane domains
and four were ambiguous, based on our prediction
(Additional file 3: Table S3). 16/24 proteins reported
both in the extracellular environment and the cell sur-
face were detected to have signal peptides and one of
them also had a single transmembrane domain. The
remaining 8/24 proteins were predicted to be cytoplas-
mic. Similarly, transmembrane domains were only de-
tected in 3/11 cell surface proteins (Additional file 3:
Table S3). As suggested by Hansmeier et al., most of
these discrepancies might be due to cross-contamination
of protein fractions during the sample processing [80]
while some might belong to putative non-classical secre-
tome of C. diphtheriae that is not available in the data-
base used by the program SecretomeP 2.0 [36].
The lipoprotein prediction in this study has also been
reasonably consistent with the DOLOP database [81, 82].
31 of the 42 lipoproteins in the DOLOP database for
strain NCTC 13129 were correctly predicted by the ap-
proach applied in this study. A lipobox was also present in
3 Tat proteins but remaining 8 proteins were assigned to
be secreted, transmembrane or cytoplasmic with no lipo-
box detected (Additional file 3: Table S3). This confirms
that we have followed a robust strategy to assign proteins
to different categories. The minor variations in the predic-
tions might reflect the methodological variations followed
by different programs to identify signal peptides.
Proteomic variations within a C. diphtheriae clone
Bacterial isolates that belong to the same ST are typically
treated as a single bacterial clone [83, 84]. In our ana-
lyses, strains C7(β)tox+ and ISS 3319 were found to be-
long to ST26; strains ISS 4746, ISS 4749 and Aberdeen
to belong to ST32; and strains HC01 and 241 to ST175
(Fig. 4a). 15–290 proteins were strain specific within a
clone that were not shared with other members of the
same ST (data not shown). These specific genes may
have introduced minor variations in functional and viru-
lence characteristics between different strains within
each ST as the proportion of these genes was highly vari-
able between cytoplasmic (51–71 %), secreted (9–27 %)
and transmembrane proteins (4–22 %), depending on
the strain. Non-classical secreted proteins constituted
most of the variations in the predicted secreted proteins;
however, some of the secreted proteins were clearly in-
volved in virulence, for example, C7(β)tox+ carried the
tox gene that were absent in ISS 3319 within ST26
(Additional file 3: Table S3). This reflects in vitro lysoge-
nization of the non-toxigenic C7(−) strain by coryneph-
age β that converted it into the toxigenic C7(β)tox+ strain
[85, 86]. Similarly, a YidC like protein was present in
strain ‘Aberdeen’ that was absent in the other strains
within ST32.
The organisation and functional structures of spa op-
erons were quite similar within each ST with minor ex-
ceptions (Fig. 2) [18]. ISS 3319 and C7(β)tox+ have
identical SpaD and SpaH gene clusters except for the
presence of an additional gene encoding a hypothetical
protein (AL06_01315) in the SpaD cluster of ISS 3319
(Fig. 2) [18]. All three Spa clusters (SpaA, SpaD and SpaH)
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were identical between HC01 and 241 [18] as well as ISS
4746 and ISS 4749 (Fig. 2). However, the spaB gene of the
SpaA cluster is a pseudogene in ISS 4746 whereas it is in-
tact in ISS 4749 (Fig. 2). It is possible that these minor var-
iations due to gain or loss of the gene functions as well as
some of the uncharacterised strain-specific genes may
contribute to variations in strain fitness or virulence be-
tween individuals within an ST.
Proteomic variations associated with the degree of virulence
The main objective of this study was to identify genes
that could potentially be associated with the variation in
the invasiveness between non-toxigenic C. diphtheriae
strains ISS 3319, ISS 4060, ISS 4746 and ISS 4749. These
strains are phylogenetically distinct and carry genes in-
volved in a variety of cellular and metabolic activities in-
cluding transcription, DNA replication and repair as
well as defence mechanisms that are not common
among them (Fig. 4a–b, Additional file 3: Table S3). ISS
4746 and ISS 4749 were the exceptions in that they are
closely related and share most of their genomes with
each other (Fig. 1, Table 2, Additional file 1: Table S1
and Additional file 3: Table S3).
spa operons encode adhesive surface pili that play im-
portant role in interaction with the host cells [27, 28]. In
agreement with previous observations, the numbers and
organisation of spa operons were found to be variable
between these strains (Fig. 2) [18]. SpaD and SpaH gene
clusters are present in all four strains but an additional
SpaA gene cluster is present in ISS 4746 and ISS 4749
(Fig. 2). SpaA type pili have been found to be involved in
adhesion to pharyngeal epithelial cells while SpaD and
SpaH type pili are required for interaction with laryngeal
and lung epithelial cells [87, 88]. Both the strains with
three Spa gene clusters showed higher adhesion to the
pharyngeal D562 cell lines [17]. The numbers of surface
pili were found to be higher in ISS 4749 compared to
the other strains [17]; however, the gene spaF which en-
codes a surface anchored fimbrial subunit in SpaD type
pili, is a pseudogene in this strain and it is possible that
the observed pili are the result of the expression of only
the SpaA and SpaH clusters. An additional gene, spaB of
the SpaA gene cluster, is a pseudogene in ISS 4746
(Fig. 2). The spaB gene encodes the pilus base subunit
that works as a molecular switch to terminate the
polymerization process and anchors the pilus polymer to
the bacterial cell wall [27, 28, 88]. The inactivation of this
gene results in the extracellular secretion of the pilus [88].
Therefore, an expression of only SpaH cluster may be as-
sociated with the lower number of surface pili in this
strain [17]. Only the SpaD gene cluster appears to be fully
functional in ISS 3319 which also correlates with a rela-
tively low expression of surface pili in comparison to ISS
4749 [17]. Surprisingly, despite the presence of all the
genes in the SpaH operon (Fig. 2), no pili were observed
on the surface of ISS 4060 [17]. However, the efficiency
with which this strain could adhere to the pharyngeal
cell line D562, cervix carcinoma cell line HeLa and la-
ryngeal cell line HEp-2 was comparable to that of ISS
3310 [13, 17, 89], indicating that the expression of SpaH
pili is regulated by other factors in ISS 4060 or that al-
ternative adhesins are significant in this strain, for ex-
ample, lipoarabinomannan-like lipoglycan (CdiLAM)
[90] and non-fimbrial surface proteins [44, 45].
Strains ISS 4746 and ISS 4749 were more invasive
causing articular lesions in 50–60 % of the infected mice
in comparison to only 25 % by ISS 3319 [15]. The
former two strains also induced much higher local levels
of interleukin (IL)-6 and IL-1 β production than the lat-
ter, which induced higher secretion of interferon-γ [15].
Relatively high number of the secreted and membrane
associated proteins (including LPXTG proteins) were de-
tected in ISS 4746 and ISS 4749 compared to ISS 3319
(Additional file 3: Table S3). This variation in the se-
creted and membrane proteins might be responsible for
the variation in the invasiveness of these strains. Most of
these proteins are uncharacterised and a molecular
characterization of these proteins might improve our un-
derstanding of the mechanisms of invasion by C.
diphtheriae.
Conclusions
In conclusion, non-toxigenic C. diphtheriae strains vary
in their gene content including the presence or absence
of the substrate binding proteins of ABC transporters of
different functional categories and cytoplasmic proteins
that are involved in various metabolic activities, suggest-
ing a potential variation in nutritional requirements or
ability to use different sources of energy between these
strains. The variation in the proteins with transmem-
brane domains, including those involved in the pili syn-
thesis and polymerization appears to correlate with the
adherence properties of strains with different epithelial
cells, potentially providing them with an advantage when
colonizing different tissues/organs in the host. The dif-
ferences in the secreted proteins might be responsible
for the variation in the degree of pathogenesis between
different non-toxigenic C. diphtheriae strains.
Methods
Bacterial strains and genome sequencing
Four clinical non-toxigenic C. diphtheriae strains ISS
3319, ISS 4060, ISS 4746 and ISS 4749 were isolated in
Italy between 1997 and 2001 (Additional file 2: Table S2).
These strains have been isolated and characterised using
molecular and immunological approaches in previous
studies [4, 15, 17]. No patient material or information is
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analysed in this study and therefore no further ethical ap-
proval was needed to use these strains.
The strains were grown on Brain-Heart Infusion agar
overnight at 37 °C. Five ml Brain-Heart Infusion broth
was inoculated with a single colony and incubated for
16 h at 37 °C in a shaking incubator. The genomic DNAs
were extracted and sequenced on a Roche GS Junior in-
strument, as previously described [25, 31, 32]. The result-
ing reads were assembled using GS de novo assembler.
Genomic analyses
The draft genomes were submitted to the GenBank for
annotation by the NCBI Prokaryotic Genome Annota-
tion Pipeline [91]. The gene contents of the sequenced
strains were compared using EDGAR [26]. The calcula-
tion of the core and accessory genomes including pub-
licly available genomes (Additional file 2: Table S2) were
performed and a phylogenetic tree from the alignment
of 558,658 amino acids from the core proteins was also
generated using EDGAR [26]. The protein functional cat-
egories were obtained by protein BLAST searches to the
Clusters of Orthologous Group (COG) database using an
E-value cut-off of 0.001 and composition-corrected scor-
ing approach [92, 93]. Multilocus sequence type (MLST)
profiles from all the genomes were extracted using MLST
1.7 [94]. A phylogenetic tree from the universal genomic
proteins was generated using PhyloPhlAn [64]. A
maximum-likelihood tree was generated using RAxML [65]
with 100 bootstrap replicates from the binary data based on
the presence or absence of the genes (2,364 genes) in the
accessory genome.
Proteome prediction
Signal peptides were detected in the protein sequences
using SignalP 4.1 with default settings for Gram-positive
bacteria [75] and Phobius webserver [34]. Phobius was
also used to detect transmembrane domains along with
TMHMM 2.0 [35]. Lipoproteins were detected using
LipoP 1.0 [76] and PRED_LIPO [77]. TatP 1.0 [78] and
TATFIND 1.4 [79] were used for detecting Tat signal
peptides. Non-classical secreted proteins were predicted
using SecretomeP 2.0 [36].
The proteins with signal peptides detected both by Sig-
nalP v4.1 and Phobius were scored as secreted proteins
and proteins with transmembrane domains detected by
Phobius and TMHMM 2.0 were designated as membrane
associated proteins. The secreted proteins with a lipobox
detected both by LipoP 1.0 and PRED_LIPO programs
were assigned to be lipoproteins. The proteins where only
one of these programmes detected a lipobox were manu-
ally inspected, as previously described [95]. Secreted pro-
teins were scored as Tat-secreted when both TatP 1.0 and
TATFIND 1.4 identified a twin-arginine signal peptide in
the sequence. CW-PRED [96] was used for identifying
proteins with LPXTG domains that were manually
inspected for the presence of a signal peptide and a single
transmembrane domain. The proteins with a signal pep-
tide and transmembrane domains were separated as
membrane-bound secreted proteins. Some proteins where
a signal peptide or a transmembrane domain was detected
only by one of the programs were treated as ambiguous.
Proteins only identified by SecretomeP 2.0 but not any
other programs were scored as non-classical secretory
proteins and rest of the proteins with no transmem-
brane domain or signal peptide were treated as cyto-
plasmic proteins (Additional file 3: Table S3).
Availability of supporting data
The Whole Genome Shotgun projects for C. diphtheriae
strains ISS 3319, ISS 4060, ISS 4746 and ISS 4749 have
been deposited at DDBJ/EMBL/GenBank (National Center
for Biotechnology Information, GenBank Database: http://
www.ncbi.nlm.nih.gov/nuccore/) under the accession num-
bers JAQO00000000, JAQN00000000, JAQP00000000 and
JAQQ00000000, respectively and are publicly available. The
versions described in this paper are JAQO01000000,
JAQN01000000, JAQP01000000 and JAQQ01000000,
respectively.
Additional files
Additional file 1: Table S1. A list of strains specific genes in C.
diphtheriae strains ISS 3319, ISS 4060, ISS 4746 and ISS 4749. (PDF 162 kb)
Additional file 2: Table S2. Details of C. diphtheriae strains analysed in
this study. (PDF 54 kb)
Additional file 3: Table S3. A list of entire predicted proteome for C.
diphtheriae using an array of computational programs. (XLSX 1116 kb)
Additional file 4: Figure S1. A phylogenetic tree from a subset of
amino acids from 400 universally conserved protein sequences using
PhyloPhlAn. (PDF 151 kb)
Abbreviations
IL: Interleukin; ST: Sequence type; MLST: Multilocus sequence type; Tat:
Twin-Arginine Translocation; COG: Clusters of Orthologous Genes;
BLAST: Basic Local Alignment Search Tool; SRV: Score ratio value.
Competing interests
The authors declare that they have no competing interests.
Authors’ contributions
VS and PAH conceived and designed the study. CvH and AB characterised
and contributed the clinical strains. VS performed the genome sequencing.
VS, ICS, JB and PAH analysed the data. All authors intellectually contributed
and were involved in drafting of the manuscript. All authors read and
approved the manuscript.
Acknowledgements
The VS laboratory is supported by an Anniversary Research Fellowship and
the Higher Education Innovation Funding (HEIF) from Northumbria
University, Newcastle upon Tyne. The PAH laboratory is supported by
Medical Research Scotland (grant 422 FRG) and the University of Strathclyde.
Author details
1Faculty of Health and Life Sciences, Northumbria University, Newcastle upon
Tyne NE1 8ST, UK. 2Heinrich-Buff-Ring 58, Justus-Liebig-Universität, 35392
Sangal et al. BMC Genomics  (2015) 16:765 Page 12 of 15
Gießen, Germany. 3Istituto Superiore di Sanità, viale Regina Elena 299, 00161
Rome, Italy. 4Professur für Mikrobiologie, Friedrich-Alexander-Universität
Erlangen-Nürnberg, Staudtstr. 5, 91058 Erlangen, Germany. 5Strathclyde
Institute of Pharmacy and Biomedical Sciences, University of Strathclyde, 161
Cathedral Street, Glasgow G4 0RE, UK.
Received: 23 April 2015 Accepted: 2 October 2015
References
1. Galazka A. The changing epidemiology of diphtheria in the vaccine era.
J Infect Dis. 2000;181 Suppl 1:S2–9.
2. Holmes RK. Biology and molecular epidemiology of diphtheria toxin and
the tox gene. J Infect Dis. 2000;181 Suppl 1:S156–167.
3. Sangal V, Hoskisson PA. Corynephages: infections of the infectors. In:
Burkovski A, editor. Corynebacterium diphtheriae and related toxigenic
species. Heidelberg: Springer; 2014. p. 67–82.
4. von Hunolstein C, Alfarone G, Scopetti F, Pataracchia M, La Valle R, Franchi
F, et al. Molecular epidemiology and characteristics of Corynebacterium
diphtheriae and Corynebacterium ulcerans strains isolated in Italy during the
1990s. J Med Microbiol. 2003;52(Pt 2):181–8.
5. Romney MG, Roscoe DL, Bernard K, Lai S, Efstratiou A, Clarke AM.
Emergence of an invasive clone of nontoxigenic Corynebacterium
diphtheriae in the urban poor population of Vancouver. Canada J Clin
Microbiol. 2006;44(5):1625–9.
6. Edwards B, Hunt AC, Hoskisson PA. Recent cases of non-toxigenic
Corynebacterium diphtheriae in Scotland: justification for continued
surveillance. J Med Microbiol. 2011;60(Pt 4):561–2.
7. Farfour E, Badell E, Zasada A, Hotzel H, Tomaso H, Guillot S, et al.
Characterization and comparison of invasive Corynebacterium diphtheriae
isolates from France and Poland. J Clin Microbiol. 2012;50(1):173–5.
8. Barakett V, Morel G, Lesage D, Petit JC. Septic arthritis due to a nontoxigenic
strain of Corynebacterium diphtheriae subspecies mitis. Clin Infect Dis.
1993;17(3):520–1.
9. Tiley SM, Kociuba KR, Heron LG, Munro R. Infective endocarditis due to
nontoxigenic Corynebacterium diphtheriae: report of seven cases and review.
Clin Infect Dis. 1993;16(2):271–5.
10. Poilane I, Fawaz F, Nathanson M, Cruaud P, Martin T, Collignon A, et al.
Corynebacterium diphtheriae osteomyelitis in an immunocompetent child:
a case report. Eur J Pediatr. 1995;154(5):381–3.
11. Patey O, Bimet F, Riegel P, Halioua B, Emond JP, Estrangin E, et al. Clinical
and molecular study of Corynebacterium diphtheriae systemic infections in
France. Coryne Study Group. J Clin Microbiol. 1997;35(2):441–5.
12. Belko J, Wessel DL, Malley R. Endocarditis caused by Corynebacterium
diphtheriae: case report and review of the literature. Pediatr Infect Dis J.
2000;19(2):159–63.
13. Bertuccini L, Baldassarri L, von Hunolstein C. Internalization of non-toxigenic
Corynebacterium diphtheriae by cultured human respiratory epithelial cells.
Microb Pathog. 2004;37(3):111–8.
14. Hirata R, Napoleao F, Monteiro-Leal LH, Andrade AF, Nagao PE, Formiga LC,
et al. Intracellular viability of toxigenic Corynebacterium diphtheriae strains in
HEp-2 cells. FEMS Microbiol Lett. 2002;215(1):115–9.
15. Puliti M, von Hunolstein C, Marangi M, Bistoni F, Tissi L. Experimental model
of infection with non-toxigenic strains of Corynebacterium diphtheriae and
development of septic arthritis. J Med Microbiol. 2006;55(Pt 2):229–35.
16. Peixoto RS, Pereira GA, Sanches dos Santos L, Rocha-de-Souza CM, Gomes
DL, Silva Dos Santos C, et al. Invasion of endothelial cells and arthritogenic
potential of endocarditis-associated Corynebacterium diphtheriae.
Microbiology. 2014;160(Pt 3):537–46.
17. Ott L, Holler M, Rheinlaender J, Schaffer TE, Hensel M, Burkovski A.
Strain-specific differences in pili formation and the interaction of
Corynebacterium diphtheriae with host cells. BMC Microbiol. 2010;10:257.
18. Trost E, Blom J, Soares Sde C, Huang IH, Al-Dilaimi A, Schroder J, et al.
Pangenomic study of Corynebacterium diphtheriae that provides insights
into the genomic diversity of pathogenic isolates from cases of classical
diphtheria, endocarditis, and pneumonia. J Bacteriol. 2012;194(12):3199–215.
19. Foster TJ, Geoghegan JA, Ganesh VK, Hook M. Adhesion, invasion and
evasion: the many functions of the surface proteins of Staphylococcus
aureus. Nat Rev Microbiol. 2014;12(1):49–62.
20. Lee VT, Schneewind O. Protein secretion and the pathogenesis of bacterial
infections. Genes Dev. 2001;15(14):1725–52.
21. Navarre WW, Schneewind O. Surface proteins of Gram-positive bacteria and
mechanisms of their targeting to the cell wall envelope. Microbiol Mol Biol
Rev. 1999;63(1):174–229.
22. Murphy JR. Mechanism of diphtheria toxin catalytic domain delivery to the
eukaryotic cell cytosol and the cellular factors that directly participate in the
process. Toxins. 2011;3(3):294–308.
23. Collier RJ. Understanding the mode of action of diphtheria toxin:
a perspective on progress during the 20th century. Toxicon.
2001;39(11):1793–803.
24. Sangal V, Fineran PC, Hoskisson PA. Novel configurations of type I and II
CRISPR-Cas systems in Corynebacterium diphtheriae. Microbiology.
2013;159(10):2118–26.
25. Sangal V, Burkovski A, Hunt AC, Edwards B, Blom J, Hoskisson PA. A lack of
genetic basis for biovar differentiation in clinically important
Corynebacterium diphtheriae from whole genome sequencing. Infect Genet
Evol. 2014;21:54–7.
26. Blom J, Albaum SP, Doppmeier D, Puhler A, Vorholter FJ, Zakrzewski M,
et al. EDGAR: a software framework for the comparative analysis of
prokaryotic genomes. BMC Bioinformatics. 2009;10:154.
27. Mandlik A, Swierczynski A, Das A, Ton-That H. Pili in Gram-positive bacteria:
assembly, involvement in colonization and biofilm development.
Trends Microbiol. 2008;16(1):33–40.
28. Mandlik A, Das A, Ton-That H. The molecular switch that activates the cell
wall anchoring step of pilus assembly in Gram-positive bacteria. Proc Natl
Acad Sci U S A. 2008;105(37):14147–52.
29. Broadway MM, Rogers EA, Chang C, Huang IH, Dwivedi P, Yildirim S, et al.
Pilus gene pool variation and the virulence of Corynebacterium diphtheriae
clinical isolates during infection of a nematode. J Bacteriol.
2013;195(16):3774–83.
30. Galperin MY, Koonin EV. From complete genome sequence to 'complete'
understanding? Trends Biotechnol. 2010;28(8):398–406.
31. Sangal V, Tucker NP, Burkovski A, Hoskisson PA. The draft genome sequence
of Corynebacterium diphtheriae bv. mitis NCTC 3529 reveals significant
diversity between the primary disease-causing biovars. J Bacteriol.
2012;194(12):3269.
32. Sangal V, Tucker NP, Burkovski A, Hoskisson PA. Draft genome sequence of
Corynebacterium diphtheriae biovar intermedius NCTC 5011. J Bacteriol.
2012;194(17):4738.
33. Cerdeno-Tarraga AM, Efstratiou A, Dover LG, Holden MT, Pallen M, Bentley
SD, et al. The complete genome sequence and analysis of Corynebacterium
diphtheriae NCTC13129. Nucleic Acids Res. 2003;31(22):6516–23.
34. Käll L, Krogh A, Sonnhammer EL. Advantages of combined transmembrane
topology and signal peptide prediction–the Phobius web server.
Nucleic Acids Res. 2007;35(Web Server issue):W429–432.
35. Krogh A, Larsson B, von Heijne G, Sonnhammer EL. Predicting
transmembrane protein topology with a hidden Markov model: application
to complete genomes. J Mol Biol. 2001;305(3):567–80.
36. Bendtsen JD, Kiemer L, Fausboll A, Brunak S. Non-classical protein secretion
in bacteria. BMC Microbiol. 2005;5:58.
37. Noonan B, Trust TJ. The synthesis, secretion and role in virulence of the
paracrystalline surface protein layers of Aeromonas salmonicida and A.
hydrophila. FEMS Microbiol Lett. 1997;154(1):1–7.
38. Kaur J, Jain SK. Role of antigens and virulence factors of Salmonella enterica
serovar Typhi in its pathogenesis. Microbiol Res. 2012;167(4):199–210.
39. De Buck E, Anne J, Lammertyn E. The role of protein secretion systems in
the virulence of the intracellular pathogen Legionella pneumophila.
Microbiology. 2007;153(Pt 12):3948–53.
40. Proft T. Sortase-mediated protein ligation: an emerging biotechnology tool for
protein modification and immobilisation. Biotechnol Lett. 2010;32(1):1–10.
41. Ton-That H, Marraffini LA, Schneewind O. Protein sorting to the cell
wall envelope of Gram-positive bacteria. Biochim Biophys Acta.
2004;1694(1–3):269–78.
42. Allen CE, Schmitt MP. Utilization of host iron sources by Corynebacterium
diphtheriae: multiple hemoglobin-binding proteins are essential for the use
of iron from the hemoglobin-haptoglobin complex. J Bacteriol.
2015;197(3):553–62.
43. Dalbey RE, Wang P, Kuhn A. Assembly of bacterial inner membrane
proteins. Annu Rev Biochem. 2011;80:161–87.
44. Antunes CA, Sanches dos Santos L, Hacker E, Kohler S, Bosl K, Ott L, et al.
Characterization of DIP0733, a multi-functional virulence factor of
Corynebacterium diphtheriae. Microbiology. 2015;161(Pt 3):639–47.
Sangal et al. BMC Genomics  (2015) 16:765 Page 13 of 15
45. Sabbadini PS, Assis MC, Trost E, Gomes DL, Moreira LO, Dos Santos CS, et al.
Corynebacterium diphtheriae 67-72p hemagglutinin, characterized as the
protein DIP0733, contributes to invasion and induction of apoptosis in
HEp-2 cells. Microb Pathog. 2012;52(3):165–76.
46. Colombo AV, Hirata Jr R, de Souza CM, Monteiro-Leal LH, Previato JO,
Formiga LC, et al. Corynebacterium diphtheriae surface proteins as adhesins
to human erythrocytes. FEMS Microbiol Lett. 2001;197(2):235–9.
47. Kim S, Oh DB, Kwon O, Kang HA. Identification and functional
characterization of the NanH extracellular sialidase from Corynebacterium
diphtheriae. J Biochem. 2010;147(4):523–33.
48. Widdick DA, Hicks MG, Thompson BJ, Tschumi A, Chandra G, Sutcliffe IC,
et al. Dissecting the complete lipoprotein biogenesis pathway in
Streptomyces scabies. Mol Microbiol. 2011;80(5):1395–412.
49. Sutcliffe IC, Hutchings MI. Putative lipoproteins identified by bioinformatic
genome analysis of Leifsonia xyli ssp. xyli, the causative agent of sugarcane
ratoon stunting disease. Mol Plant Path. 2007;8(1):121–8.
50. Sutcliffe IC, Harrington DJ. Lipoproteins of Mycobacterium tuberculosis: an
abundant and functionally diverse class of cell envelope components. FEMS
Microbiol Rev. 2004;28(5):645–59.
51. Drazek ES, Hammack CA, Schmitt MP. Corynebacterium diphtheriae genes
required for acquisition of iron from haemin and haemoglobin are
homologous to ABC haemin transporters. Mol Microbiol. 2000;36(1):68–84.
52. Kunkle CA, Schmitt MP. Analysis of the Corynebacterium diphtheriae
DtxR regulon: identification of a putative siderophore synthesis and
transport system that is similar to the Yersinia high-pathogenicity
island-encoded yersiniabactin synthesis and uptake system. J Bacteriol.
2003;185(23):6826–40.
53. Um SH, Kim JS, Lee K, Ha NC. Structure of a DsbF homologue from
Corynebacterium diphtheriae. Acta Cryst Sec F. 2014;70(Pt 9):1167–72.
54. Sakamoto J, Shibata T, Mine T, Miyahara R, Torigoe T, Noguchi S, et al.
Cytochrome c oxidase contains an extra charged amino acid cluster in
a new type of respiratory chain in the amino-acid-producing Gram-
positive bacterium Corynebacterium glutamicum. Microbiology.
2001;147(Pt 10):2865–71.
55. Hoskisson PA, Hutchings MI. MtrAB-LpqB: a conserved three-component
system in actinobacteria? Trends Microbiol. 2006;14(10):444–9.
56. Crellin PK, Vivian JP, Scoble J, Chow FM, West NP, Brammananth R, et al.
Tetrahydrolipstatin inhibition, functional analyses, and three-dimensional
structure of a lipase essential for mycobacterial viability. J Biol Chem.
2010;285(39):30050–60.
57. Meniche X, Labarre C, de Sousa-d'Auria C, Huc E, Laval F, Tropis M, et al.
Identification of a stress-induced factor of Corynebacterineae that is
involved in the regulation of the outer membrane lipid composition.
J Bacteriol. 2009;191(23):7323–32.
58. Dover LG, Cerdeno-Tarraga AM, Pallen MJ, Parkhill J, Besra GS. Comparative
cell wall core biosynthesis in the mycolated pathogens, Mycobacterium
tuberculosis and Corynebacterium diphtheriae. FEMS Microbiol Rev.
2004;28(2):225–50.
59. Ott L, Holler M, Gerlach RG, Hensel M, Rheinlaender J, Schaffer TE, et al.
Corynebacterium diphtheriae invasion-associated protein (DIP1281) is
involved in cell surface organization, adhesion and internalization in
epithelial cells. BMC Microbiol. 2010;10:2.
60. Kolodkina V, Denisevich T, Titov L. Identification of Corynebacterium
diphtheriae gene involved in adherence to epithelial cells. Infect Genet Evol.
2011;11(2):518–21.
61. Squeglia F, Ruggiero A, Romano M, Vitagliano L, Berisio R. Mutational and
structural study of RipA, a key enzyme in Mycobacterium tuberculosis cell
division: evidence for the L-to-D inversion of configuration of the catalytic
cysteine. Acta Cryst Sec D. 2014;70(Pt 9):2295–300.
62. Rowland JL, Niederweis M. A multicopper oxidase is required for copper
resistance in Mycobacterium tuberculosis. J Bacteriol. 2013;195(16):3724–33.
63. Houben EN, Korotkov KV, Bitter W. Take five - Type VII secretion systems of
Mycobacteria. Biochim Biophys Acta. 2014;1843(8):1707–16.
64. Segata N, Bornigen D, Morgan XC, Huttenhower C. PhyloPhlAn is a new
method for improved phylogenetic and taxonomic placement of microbes.
Nat Commun. 2013;4:2304.
65. Stamatakis A. RAxML-VI-HPC: maximum likelihood-based phylogenetic
analyses with thousands of taxa and mixed models. Bioinformatics.
2006;22(21):2688–90.
66. Liu J, Rost B. Comparing function and structure between entire proteomes.
Protein Sci. 2001;10(10):1970–9.
67. Kostakioti M, Newman CL, Thanassi DG, Stathopoulos C. Mechanisms of
protein export across the bacterial outer membrane. J Bacteriol.
2005;187(13):4306–14.
68. Tjalsma H, Bolhuis A, Jongbloed JD, Bron S, van Dijl JM. Signal peptide-
dependent protein transport in Bacillus subtilis: a genome-based survey of
the secretome. Microbiol Mol Biol Rev. 2000;64(3):515–47.
69. Harth G, Clemens DL, Horwitz MA. Glutamine synthetase of Mycobacterium
tuberculosis: extracellular release and characterization of its enzymatic
activity. Proc Natl Acad Sci U S A. 1994;91(20):9342–6.
70. Tullius MV, Harth G, Horwitz MA. High extracellular levels of Mycobacterium
tuberculosis glutamine synthetase and superoxide dismutase in actively
growing cultures are due to high expression and extracellular stability
rather than to a protein-specific export mechanism. Infect Immun.
2001;69(10):6348–63.
71. Wai SN, Lindmark B, Soderblom T, Takade A, Westermark M, Oscarsson J,
et al. Vesicle-mediated export and assembly of pore-forming oligomers of
the enterobacterial ClyA cytotoxin. Cell. 2003;115(1):25–35.
72. Recchi C, Rauzier J, Gicquel B, Reyrat JM. Signal-sequence-independent
secretion of the staphylococcal nuclease in Mycobacterium smegmatis.
Microbiology. 2002;148(Pt 2):529–36.
73. Vitikainen M, Lappalainen I, Seppala R, Antelmann H, Boer H, Taira S, et al.
Structure-function analysis of PrsA reveals roles for the parvulin-like and
flanking N- and C-terminal domains in protein folding and secretion in
Bacillus subtilis. J Biol Chem. 2004;279(18):19302–14.
74. Kovacs-Simon A, Titball RW, Michell SL. Lipoproteins of bacterial pathogens.
Infect Immun. 2011;79(2):548–61.
75. Petersen TN, Brunak S, von Heijne G, Nielsen H. SignalP 4.0: discriminating
signal peptides from transmembrane regions. Nat Methods. 2011;8(10):785–6.
76. Juncker AS, Willenbrock H, Von Heijne G, Brunak S, Nielsen H, Krogh A.
Prediction of lipoprotein signal peptides in Gram-negative bacteria. Protein
Sci. 2003;12(8):1652–62.
77. Bagos PG, Tsirigos KD, Liakopoulos TD, Hamodrakas SJ. Prediction of
lipoprotein signal peptides in Gram-positive bacteria with a Hidden Markov
Model. J Proteome Res. 2008;7(12):5082–93.
78. Bendtsen JD, Nielsen H, Widdick D, Palmer T, Brunak S. Prediction of twin-
arginine signal peptides. BMC Bioinformatics. 2005;6:167.
79. Rose RW, Bruser T, Kissinger JC, Pohlschroder M. Adaptation of protein
secretion to extremely high-salt conditions by extensive use of the twin-
arginine translocation pathway. Mol Microbiol. 2002;45(4):943–50.
80. Hansmeier N, Chao TC, Kalinowski J, Puhler A, Tauch A. Mapping and
comprehensive analysis of the extracellular and cell surface proteome of
the human pathogen Corynebacterium diphtheriae. Proteomics.
2006;6(8):2465–76.
81. Babu MM, Priya ML, Selvan AT, Madera M, Gough J, Aravind L, et al. A
database of bacterial lipoproteins (DOLOP) with functional assignments to
predicted lipoproteins. J Bacteriol. 2006;188(8):2761–73.
82. Madan Babu M, Sankaran K. DOLOP–database of bacterial lipoproteins.
Bioinformatics. 2002;18(4):641–3.
83. Maiden MC. Multilocus sequence typing of bacteria. Annu Rev Microbiol.
2006;60:561–88.
84. Maiden MC, Bygraves JA, Feil E, Morelli G, Russell JE, Urwin R, et al.
Multilocus sequence typing: a portable approach to the identification of
clones within populations of pathogenic microorganisms. Proc Natl Acad
Sci U S A. 1998;95(6):3140–5.
85. Barksdale WL, Pappenheimer Jr AM. Phage-host relationships in
nontoxigenic and toxigenic diphtheria bacilli. J Bacteriol. 1954;67(2):220–32.
86. Freeman VJ. Studies on the virulence of bacteriophage-infected strains of
Corynebacterium diphtheriae. J Bacteriol. 1951;61(6):675–88.
87. Mandlik A, Swierczynski A, Das A, Ton-That H. Corynebacterium diphtheriae
employs specific minor pilins to target human pharyngeal epithelial cells.
Mol Microbiol. 2007;64(1):111–24.
88. Reardon-Robinson ME, Ton-That H. Assembly and function of
Corynebacterium diphtheriae pili. In: Burkovski A, editor. Corynebacterium
diphtheriae and related toxigenic species. Heidelberg: Springer; 2014.
p. 123–41.
89. Ott L, Scholz B, Holler M, Hasselt K, Ensser A, Burkovski A. Induction of the
NFkappa-B signal transduction pathway in response to Corynebacterium
diphtheriae infection. Microbiology. 2013;159(Pt 1):126–35.
90. Moreira LO, Mattos-Guaraldi AL, Andrade AF. Novel lipoarabinomannan-like
lipoglycan (CdiLAM) contributes to the adherence of Corynebacterium
diphtheriae to epithelial cells. Arch Microbiol. 2008;190(5):521–30.
Sangal et al. BMC Genomics  (2015) 16:765 Page 14 of 15
91. Tatusova T, DiCuccio M, Badretdin A, Chetvernin V, Ciufo S, Li W. Prokaryotic
Genome Annotation Pipeline. In: The NCBI Handbook. 2nd ed. Bethesda, US:
National Center for Biotechnology Information; 2013.
92. Tatusov RL, Fedorova ND, Jackson JD, Jacobs AR, Kiryutin B, Koonin EV, et al.
The COG database: an updated version includes eukaryotes. BMC
Bioinformatics. 2003;4:41.
93. Marchler-Bauer A, Derbyshire MK, Gonzales NR, Lu S, Chitsaz F, Geer LY,
et al. CDD: NCBI's conserved domain database. Nucleic Acids Res. 2014.
94. Larsen MV, Cosentino S, Rasmussen S, Friis C, Hasman H, Marvig RL, et al.
Multilocus sequence typing of total-genome-sequenced bacteria. J Clin
Microbiol. 2012;50(4):1355–61.
95. Rahman O, Cummings SP, Harrington DJ, Sutcliffe IC. Methods for the
bioinformatic identification of bacterial lipoproteins encoded in the
genomes of Gram-positive bacteria. World J Microbiol Biotechnol.
2008;24:2377–82.
96. Litou ZI, Bagos PG, Tsirigos KD, Liakopoulos TD, Hamodrakas SJ. Prediction
of cell wall sorting signals in Gram-positive bacteria with a hidden markov
model: application to complete genomes. J Bioinf Comput Biol.
2008;6(2):387–401.
Submit your next manuscript to BioMed Central
and take full advantage of: 
• Convenient online submission
• Thorough peer review
• No space constraints or color figure charges
• Immediate publication on acceptance
• Inclusion in PubMed, CAS, Scopus and Google Scholar
• Research which is freely available for redistribution
Submit your manuscript at 
www.biomedcentral.com/submit
Sangal et al. BMC Genomics  (2015) 16:765 Page 15 of 15
